INTRODUCTION
Domestic pigeons (Columba livia) have been selected for experimental animals in behavior and physiology analysis (Griminger, 1983) . However, limited information is available on the nutrient requirements and feeding in this species. This could partly be attributed to the fact that young growing pigeons were initially fed by parents with pigeon milk containing mainly proteins and lipids (Reed et al., 1932; Davies, 1939; VandeputtePoma, 1980) . A few attempts have been made to handrear squabs (young pigeons), but little from the immediate posthatch period (Levi, 1974; Haque et al., 1982; Yang and Vohra, 1987; Du et al., 1993; Tsat et al., 1994) . To evaluate nutrient requirements in this species and hand-feed young pigeons from the day of hatching, it is important to understand the development patterns of intestinal digestive capacity.
In the small intestine, the terminal digestion and absorption of dietary nutrients occurs through digestive enzymes and transporter proteins expressed in the brush border membrane. The development of digestive capacity can be evaluated by studying the digestive enzymes and nutrient transporters gene expression pattern. Extensive studies on chicken intestinal enzymes and nutrient transporters from embryo day (E)18 to 14 d posthatch have been recently published (Gilbert et al., 2007; Frazier et al., 2008; Mott et al., 2008) . A similar study has also been carried out in turkey embryos (de Oliveira et al., 2009) . However, the developmental regulation of intestinal nutrient transporter and enzyme mRNA has not been thoroughly evaluated in pigeons.
The yolk sac membrane (YSM) also plays an important role in the transport of nutrients from the yolk contents to the avian embryo. The YSM develops from the hindgut of the embryo (Noble and Cocchi, 1990) , thus, it is reasonable to speculate that the 2 tissues share similar gene expression (Yadgary et al., 2011) . It has been proved that the YSM expresses genes that are usually expressed by small intestine and are related to , APN, and SI were isolated and cloned using reverse-transcription PCR. The sequences data showed that these genes were highly identical to the gene of chicken. The mRNA expression of each gene was assayed using real-time PCR. Expression of intestinal nutrient transporters increased linearly (P < 0.001) with age whereas that of APN increased quadratically (P < 0.001) and SI increased cubically (P = 0.001). Levels of PepT1 mRNA were greatest in the duodenum (P = 0.001), GLUT2 and SGLT1 mRNA were greatest in the jejunum (P = 0.002) and APN were greatest in the ileum (P = 0.004). The YSM expressed all the examined genes. The YSM-expressed genes decreased between embryo d 16 and day of hatch, whereas intestine-expressed genes increased. Our findings provide a comprehensive profile of gene expression patterns of nutrient transporter and digestive enzyme in the small intestine and YSM of pigeons and establish a foundation for future research on the nutrients requirements for young pigeons.
nutrient transport from the yolk contents to the chicken embryo (Yadgary et al., 2011) . A comprehensive study of the nutrient transporters and enzyme genes in the YSM compared with the small intestine will contribute to a better understanding of the capacity of the yolk sac for nutrient absorption and the shift in nutrient uptake by the YSM to that by the intestine. Thus, the aim of this study was to clone oligopeptide transporter Pept1, sodium glucose transporter SGLT1, glucose transporter GLUT2, aminopeptidase N (APN), and sucrase-isomaltase (SI) partial cDNA fragments and investigate the development changes of those genes' expression in domestic pigeon small intestine and YSM during pre-and posthatch periods.
MATERIALS AND METHODS

Birds
Fertile eggs were obtained from a commercial pigeon farm (Wenzhou, China) and were incubated by parents (Columba livia domestica, 280 d old), and young pigeons were fed by parents after hatch. The parents were reared in an aviary with free access to food and water. They were fed a mixed-grain diet of cereals and pulses (16.89% protein and energy content of 11.47 MJ/kg) supplemented with vitamins and minerals. Six birds with similar body/egg weights (egg weights for embryos) were selected for sampling at the following time points: E12, E14, E16, day of hatch (DOH, after hatch but before feeding) 
Tissue Sampling
The eggs were opened at the blunt end using surgical scissors and the embryo was extracted. Embryos or young pigeons were killed by cervical dislocation. Body weights (with yolk sac) of all birds were recorded. For all time points, the intestine contents and adherent material were removed carefully under ice-cold saline and the weights recorded. The intestine was separated into the duodenum, jejunum, and ileum. All segments were minced with a razor blade, frozen as aliquots in liquid nitrogen, and stored at −80°C for mRNA analysis. The YSM was sampled at E12, E16, E18, and DOH. Briefly, the yolk sac was removed and the weights recorded, and then the YSM was separated from the yolk contents, rinsed in ice-cold saline, frozen as aliquots in liquid nitrogen, and stored at −80°C for mRNA analysis.
Total RNA Isolation and Reverse Transcription
Total RNA was isolated from each tissue sample (approximately 50 mg) using TRIzol procedure (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Total RNA was quantified by both native RNA electrophoresis on 1.0% agarose gel and the UV absorbance ratio at 260 and 280 nm and stored at−80°C. The complementary DNA was synthesized from 2 μg of total RNA by M-MLV reverse transcriptase (Takara, Dalian, China) at 42°C for 60 min with oligo dT-adaptor primer following the protocol of the manufacturer.
Cloning of the Pigeon cDNA Fragments
The transcribed cDNA from D14 jejunum and degenerated primers (Table 1) were used to perform reversetranscription PCR. Primers for Pept1 were designed according to Gallus gallus (AY029615), Taeniopygia guttata (XM_002196479), Meleagris gallopavo (AY157977), Sus scrofa (EU400159), and Rattus norvegicus (L46873). Primers for SGLT1 were designed according to Gallus gallus (AJ236903), Taeniopygia guttata (XM_002199829), Meleagris gallopavo (XM_003211023), and Rattus norvegicus (RNU03120). Primers for GLUT2 were designed according to Gallus gallus (NM_207178), Taeniopygia guttata (XM_002193773), Meleagris gallopavo (XM_003209229), and Sus scrofa (NM_001097417). Primers for APN were designed according to Gallus gallus (GU223212), Meleagris gallopavo (AJ296745), Rattus norvegicus (M26710), and Struthio camelus (AJ577158). Primers for SI were designed according to Gallus gallus (Y08960), Taeniopygia guttata (XM_002189872), Passer domesticus (GQ919054), and Mus musculus (EU937530). Primers were designed using the Primer Premier software 5.0 (Premier Biosoft International, Palo Alto, CA) and synthesized by Shanghai Sangon Biotech Co. Ltd. (Shanghai, China).
The PCR was performed in a total volume of 25 μL containing 0.5 μL cDNA, 1 μL forward primer, 1 μL reverse primer, and 22.5 μL Platinum PCR Supermix High Fidelity (Invitrogen). The following PCR conditions were used: 94°C for 2 min and 35 cycles of 94°C for 30 s, 54.5°C for 2 min, 68°C for 1 min, and a final cycle of 68°C for 10 min. The PCR products were analyzed by electrophoresis on 1.2% agarose gel and then purified by DNA purification kit (TaKaRa, Dalian, China). The PCR products with correct cDNA fragment sizes were cloned into pMD 18-T vectors (TaKaRa), and the cloned products were sequenced (forward and reverse) for verification (Shanghai Sangon Biotech Co. Ltd., Shanghai, China). The cDNA sequence and the deduced amino acid sequence comparisons were performed using the BLAST program (http://blast.ncbi. nlm.nih.gov/Blast.cgi).
Real-Time PCR
The abundance of mRNA was determined on a StepOne Plus Real-Time PCR system (ABI 7500, Applied Biosystems, Foster City, CA). Gene-specific primers (Table 1) for Pept1, SGLT1, GLUT2, APN, and SI were designed within cloned pigeon cDNA sequences with the Beacon Designer 2.0 (Palo Alto, CA, USA). Primers for endogenous reference gene (glyceraldehyde 3-phosphate dehydrogenase; GAPDH) were designed according to the published Columba livia GAPDH mRNA sequence (GenBank accession number: AF036934). The PCR reaction used SYBR Premix PCR kit (TaKaRa). The PCR program was 95°C for 1 min, followed by 45 cycles of 95°C for 10 s, and 62°C for 25 s. The standard curve was determined using pooled samples. Efficiency of the real-time PCR primers for all the examined genes was calculated from standard curves. Each sample was performed in duplicate and no template control was included. Specificity of the amplification was verified at the end of PCR run by melting curve analysis. Specificity of the product was also confirmed by running samples on a 1.2% agarose gel, excising for purification using a DNA purification kit (TaKaRa), and sequencing (Shanghai Sangon Biotech Co. Ltd.). The Ct value for GAPDH <0.5 between all tissue types and time points and therefore was considered to be an appropriate endogenous control. Average gene expression relative to the endogenous control for each sample was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). The calibrator for each gene in both experiments was the average ΔCt value of E12 duodenum.
Statistical Analysis
All statistical analyses were performed using SPSS Version 16.0 for Windows (SPSS Inc., Chicago, IL). Values were considered statistically different at P < 0.05. The intestinal gene expression data were analyzed using GLM procedure. The model included the main effects of intestinal segment, age, and all appropriate 2-way interactions. Differences among intestine segments were evaluated by the Tukey test for multiple comparisons. The main effects of age were further tested for linear, quadratic, and cubic responses using orthogonal contrasts. The YSM-expressed genes data were analyzed by the Tukey test following one-way ANOVA.
RESULTS AND DISCUSSION
As age progressed, BW of the birds increased, as did the weight of the small intestines. However, small intestinal weight increased at a much greater rate than BW from d 12 of incubation to d 8 after hatch. This enhanced growth rate of the small intestine is clearly shown by presenting the weights of the intestine as a proportion of the embryo weight ( Table 2 ). Both of the small intestine weight and relative growth exhibited a sharp increase (P < 0.001) from E16 to DOH. This change, as has also been observed in turkeys (de Oliveira et al., 2009) , indicates that a great portion of body investment in intestinal tissue is concentrated at the end of the incubation period, probably in preparation for posthatch digestion of nutrients.
The development of intestinal digestive capacity can be evaluated by studying the gene expression of digestive enzymes and nutrient transporters in the apical membrane of enterocytes. In this study, to compare developmental changes in mRNA abundance in pigeons, we cloned partial cDNA fragments for pigeon PepT1, SGLT1, GLUT2, APN, and SI because such cDNA sequences have not been reported in pigeon. We submitted the sequences to NCBI and obtained GenBank accession numbers (Table 3 ). The amino acid sequences for these genes were deduced from their cDNA sequences and compared with the sequences from other species. Results indicated that these pigeon cDNA sequences were highly identical to that of chicken, indicating that, genetically, these species are more closely related than either is to the mammalian species.
The intestinal mRNA expression data are summarized in Table 4 , with separate rows for main effects of age and intestinal segment, interactions, and orthogonal contrasts according to age. At the brush border membrane, amino acids are transported into the enterocyte as di-or tripeptides by PepT1 (Leibach and Ganapathy, 1996; Chen et al., 2002) or as free amino acids by several different amino acid transporters (Kanai and Hediger, 2004; Palacín and Kanai, 2004; Verrey et al., 2004) . It has been proven that PepT1 mRNA levels varied with both dietary protein level and developmental age in chicken and turkey (Chen et al., 2005; Gilbert et al., 2007; de Oliveira et al., 2009) . In this study, expression of PepT1 mRNA increased linearly (P < 0.001) from E12 to D14, suggesting an importance in peptide transport in the pigeon development. However, in our previous work, we observed that pigeon mucosal aminopeptidase-N activity, which is important in protein digestion, was independent of age after day 3 posthatch (Dong et al., 2012) . It may be that digestion at the intestinal level is the limiting factor to assimilation of amino acids. Expression of PepT1 mRNA were greatest in the duodenum compared with the ileum (P = 0.001), whereas jejunal mRNA was intermediate. This spatial expression pattern is in agreement with previous studies of chicken (Chen et al., 2002; Gilbert et al., 2007) . Peptide transport is considered to be one of the primary routes of amino acid assimilation by the intestine mucosa (Chen et al., 2002) . We observed an interaction of age × intestinal position (P < 0.001) for peptide transport, with mRNA levels increasing more dramatically with age in the duodenum and jejunum than in the ileum ( Figure 1A ). These results suggest that the proximal intestine is the major site of amino acid assimilation in the pigeon.
The SGLT1 transporter mediates the Na + -dependent uptake of glucose and galactose across the brush border membrane (Thorens, 1996) and the GLUT2 transporter, as a sugar exit pathway from the enterocytes, mediates the facilitated transport across the basolateral membrane (Uldry and Thorens, 2004) . Expression of monosaccharide transporters also differed temporally and spatially in the pigeon small intestine. There was a linear increase with age for both SGLT1 and GLUT2 mRNA expression (P < 0.001). In addition, our previous work demonstrated that pigeon mucosal sucrase and maltase activities increased form DOH to D8, thereafter decreasing (Dong et al., 2012) . Taken to- The sequence of the pigeon oligopeptide transporter PepT1 cDNA fragment was equivalent to nucleotides 945 to 1942 in chicken (NM204365), 1113 to 2107 in zebra finch (XM002196479), and 948 to 1945 in turkey (AY157977).
2 The sequence of the pigeon sodium glucose transporter SGLT1 cDNA fragment was equivalent to nucleotides 504 to 1448 in chicken (XM415247), 411 to 1349 in zebra finch (XM002199829), 501 to 1443 in turkey (XM003211023), and 812 to 1720 in human (NM000343). 3 The sequence of the pigeon glucose transporter GLUT2 cDNA fragment was equivalent to nucleotides 373 to 1142 in chicken (NM207178) and 286 to 1058 in zebra finch (XM002193773). 4 The sequence of the pigeon aminopeptidase N (APN) cDNA fragment was equivalent to nucleotides 559 to 1577 in chicken (GU223212) and 586 to 1598 in human (X13276). 5 The sequence of the pigeon sucrase-isomaltase (SI) cDNA fragment was equivalent to nucleotides 942 to 1641 in chicken (XM415935) and 510 to 1199 in zebra finch (XM002189872).
gether, we can speculate that pigeons have high potential for carbohydrate digestion and assimilation during the early development period, although they were fed by parents after hatch with so-called pigeon milk containing mainly proteins and lipids (Reed et al., 1932; Davies, 1939; Vandeputte-Poma, 1980) . Although disaccharidases activities decreased after D8, monosaccharide transporters showed a continual increase from DOH to D14, suggesting that digestion capacity is the limiting factor to assimilation of glucose in pigeon. Monosaccharide transporter mRNA was greater in the jejunum and ileum as compared with the duodenum (P = 0.002), matching the spatial pattern of disaccharidase activity in pigeon small intestine (Dong et al., 2012) . Also, there was an interaction of age × intestinal segment for monosaccharide transporters, with mRNA levels increasing most dramatically with age in the jejunum ( Figure 1B and C) , indicating that the jejunum is the major site of sugar absorption in the pigeon intestine. A similar result was also observed in chickens (Gilbert et al., 2007) .
Amino acid, peptide, and monosaccharide supply to the enterocyte is dependent on final digestion at the brush border membrane by aminopeptidases and disaccharidases, such as APN and SI. Maintaining high expression levels of these enzymes mRNA in the small intestine would provide a sufficient supply of substrates for the nutrients transporters. Expression of APN mRNA changed quadratically (P < 0.001) from E12 to D14, with a decline from E14 to E16, and subsequent increase to D14. This decline before hatch agrees with those reported by de Oliveira et al. (2009) , who found that the downregulation of turkey APN expression before hatch can be explained by the decrease in protein substrates in the intestine after amniotic fluid consumption is completed around E26. Expression of APN was greatest in the ileum compared with the duodenum and jejunum (P = 0.004), in agreement with that of chicken (Gilbert et al., 2007) . Changes in APN expression were more dramatic in the duodenum than in the ileum and jejunum after hatch (Figure 2A) . Expression of SI mRNA changed cubically (P = 0.001) with age, with the greatest mRNA quantities observed at DOH and D8 after hatch. Interestingly, because few carbohydrates are expected to be present in the intestine during the last period of the embryo, this increase in SI gene expression before hatch may be considered part of the normal maturation process of small intestinal epithelium. Changes in each segment for SI expression were similar ( Figure 2B ). Neither of these 2 enzymes' mRNA expression is correlated with their protein activity observed in our previous work (Dong et al., 2012) . a-i Different superscripts within the same column indicate significant differences (P < 0.05). 1 Relative gene expression was calculated using the 2 −ΔΔCt method with GAPDH as the endogenous control and the average ΔCt value for E12 duodenum as the calibrator. Means represent the main effects, interactions, and contrasts for data displayed in the figures.
2 Pept1 = oligopeptide transporter; SGLT1 = sodium glucose transporter; GLUT2 = glucose transporter; APN = aminopeptidase-N; SI = sucrase-isomaltase. Ferraris and Diamond (1997) also found that mRNA expression is not necessarily correlated with protein activity. The expression pattern of intestinal transporters with development is somewhat different from that of enzymes. Thus, the pigeon expresses both transporter and enzyme mRNA during the late embryonic stages, but the ontogeny of these processes appears to be controlled by different mechanisms. Although expression of intestinal nutrient transporters and enzymes showed different developmental patterns, all of them obtained a sharp increase at DOH. Similar results were also reported in chickens, turkeys, rats, and rabbits (Phillips et al., 1990; Ferraris, 2001; Chen et al., 2005; de Oliveira et al., 2009) and demonstrated that the expression of nutrient transporters and digestive enzymes is induced Relative gene expression ± SEM (n = 6) was calculated using the 2 −ΔΔCt method with GAPDH as the endogenous control and the average ΔCt value for E12 duodenum as the calibrator. There was a main effect of intestinal segment (P < 0.01), a linear increase (P < 0.001) with age, and an intestinal segment × age interaction (P < 0.001) on PepT1, SGLT1, and GLUT2 mRNA expression. a-c Different letters within the same time points indicate significant differences among intestinal segments (P < 0.05). Means ± SEM (n = 6) was calculated using the 2 −ΔΔCt method with GAPDH as the endogenous control and the average ΔCt value for E12 duodenum as the calibrator. There was a main effect of intestinal segment (P < 0.01), a quadratic increase (P < 0.001) with age, and an intestinal segment × age interaction (P < 0.001) on APN mRNA expression. There was a cubic increase (P < 0.01) with age for SI mRNA expression. a-c Different letters within the same time points indicate significant differences among intestinal segments (P < 0.05).
before hatch to prepare the neonatal for exogenous feeding. Thus, pigeon sampled at DOH had not yet received exogenous feed, suggesting that the increase in gene expression was genetically programmed to prepare the pigeon for enteral nutrition and was not dependent upon the presence of exogenous feed.
The YSM is a complex extra-embryonic structure that is responsible for the transport of nutrients from the yolk contents to the avian embryo (Noble and Cocchi, 1990) . Because the YSM develops from the hindgut of the embryo (Noble and Cocchi, 1990) , it is reasonable to hypothesize that the 2 tissues possess similar gene expression (Yadgary et al., 2011) . A study on chicken YSM nutrient transporter and digestive enzyme genes were reported by Yadgary et al. (2011) , who found that the YSM expresses genes that are usually expressed by intestinal cells and are related to carbohydrate, disaccharide, protein, and amino acid digestion and transport from the yolk contents to the blood circulation of the embryo. In our study, the YSM expressed all the examined genes, although the expression of these genes in YSM were relatively lower than in the small intestine. Expression of the PepT1 decreased significantly (P < 0.01) with incubation age, whereas that of monosaccharide transporters increased between E12 and E16 and decreased thereafter ( Figure 3A ,B,C). Expression of APN increased between E12 and E14 and decreased substantially from E16 to DOH, whereas changes in SI expression showed a similar pattern with monosaccharide transporters ( Figure 4A and B ). An accelerated consumption of the yolk sac toward hatch was observed as the yolk sac weight decreased dramatically (P < 0.01) from E16 to DOH (Table 2) . Yadgary et al. (2010) found that levels of carbohydrate and protein in broiler yolk contents peaked at E19 and decreased from E19 to E21 during embryonic development. However, little is known about temporal changes for carbohydrate and protein levels in pigeon yolk contents. Thus, we cannot speculate the changes of those observed genes were caused by the changes of yolk contents or by the consumption of the yolk sac. Our findings showed that yolk sac weight increased between E12 to E14 (Table 2) . Yadgary et al. (2010) demonstrated that lower yolk sac utilization in broilers between E17 and 19 was probably wrong due to the decrease of fat content in yolk sac during this period. Further studies are needed to verify this finding.
The YSM-expressed genes decreased between E16 and DOH, whereas that of the small intestine increased. Noy and Sklan (2001) demonstrated that the major route of yolk utilization is via the yolk stalk into the small intestine during the first few days after hatch. Yadgary et al. (2011) found that the shift from the route through the YSM to the route through the intestine occurs between E20 to DOH in chicks, as the nutrient transport and digestive enzyme genes are downregulated in the YSM. Our results suggest that changing from the route through the YSM to the route through the intestine happens between E16 to DOH in pigeons.
In general, this present study is the first to clone partial cDNA fragments for PepT1, SGLT1, GLUT2, APN, and SI from pigeons and present the first documentation of those genes' expression patterns in the small intestine and YSM during pre-and posthatch development. Pigeon small intestine expresses both transporter and enzyme mRNA during the late embryonic stages, but the ontogeny of these processes appears to be controlled by different mechanisms. The spatial dis- Relative gene expression ± SEM (n = 6) was calculated using the 2 −ΔΔCt method with GAPDH as the endogenous control and the average ΔCt value for E12 duodenum as the calibrator. Means without a common letter differ significantly (P < 0.05) between days. tribution of these genes shows differences in absorptive capacity along the length of the small intestine. It is suggested that when pigeon nutritionists formulate diets for hand-rearing young pigeons immediately after hatch, a high level of carbohydrate should be considered, as pigeons have high potential for carbohydrate digestion and assimilation during the posthatch development. Furthermore, a comprehensive study of the nutrient transporters and enzyme genes in the YSM compared with the small intestine showed that the shift in nutrient uptake by the YSM to that by the intestine occurs between E16 to DOH. Further studies need to be conducted to verify if hand-rearing young pigeons immediately after hatch using the diets formulated based on these observations could improve pigeon neonatal growth and development. , and day of hatch (DOH; after hatch but before feeding). Relative gene expression ± SEM (n = 6) was calculated using the 2 −ΔΔCt method with GAPDH as the endogenous control and the average ΔCt value for E12 duodenum as the calibrator. Means without a common letter differ significantly (P < 0.05) between days.
